SUMMARY
Patients undergoing cardiac surgery involving cardiopulmonary bypass (CPB) may undergo significant changes in acid-base status [1] [2] [3] and this is usually monitored by intermittent arterial blood gas sampling, with measurement of pH, partial pressure of carbon dioxide (P a CO 2 ) and oxygen (P a O 2 ). This practice is limited by intermittent blood sampling and the inherent time delay between sampling and availability of results. More recently, continuous measurement in critically ill patients has been shown to be safe and reliable 4 and this may be useful in avoiding errors in management 5 . Another method of monitoring P a CO 2 is to measure end-tidal carbon dioxide tension, (P ET CO 2 ) which approximates alveolar carbon dioxide tension, and so is an indirect measure of P a CO 2 [1] [2] [3] 6, 7 . However, interpretation of the information obtained is limited by the variable relationship between dead-spacealveolar, airway and circuit-and the complex relationship between ventilation and perfusion in the lung. Because of this, there is usually a gradient between measured P ET CO 2 and P a CO 2 , which can vary considerably [1] [2] [3] , and may include a negative arterial to end-tidal gradient (P a-ET CO 2 ), so that the P ET CO 2 is greater than the P a CO 2 2,7-9 . This has not been welldocumented, nor previously been investigated with continuous measurement.
In this study we used continuous measurement of arterial blood gases 4 with simultaneous continuous measurement of P ET CO 2 . Our hypothesis was that the relationship between P a CO 2 and P ET CO 2 is highly variable and may show a negative gradient, particularly in the post-CPB period. We also wanted to assess the accuracy and clinical utility of a continuous intra-arterial blood gas monitor, the Paratrend 7 (Biomedical Sensors, High Wycombe, U.K.), in cardiac surgical patients.
MATERIALS AND METHODS
Twenty sequential patients booked for elective cardiac surgery requiring CPB were enrolled in this open study, after Ethics Committee approval and informed consent. Patients were excluded if they had pre-existing vaso-occlusive peripheral arterial disease; sepsis, hyperthyroidism, or other hypermetabolic conditions or severe obstructive lung disease (defined by requirement for corticosteroid therapy).
Anaesthetic Technique
All intravascular cannulations were performed before induction of general anaesthesia, using local anaesthetic infiltration. A calibrated Paratrend intravascular sensor was then inserted through a radial arterial 20 gauge cannula, as described by the manufacturers.
After preoxygenation, general anaesthesia was induced using fentanyl (10-15 µg/kg) and either midazolam (0.05-1.0 mg/kg) or diazepam (0.05-1.0 mg/kg); endotracheal intubation was facilitated using pancuronium (0.1-0.15 mg/kg). Anaesthesia was maintained using enflurane and/or a propofol infusion (3-6 mg/kg/hr). The ventilator was initially set with a tidal volume 10 ml/kg and a respiratory rate 10 breaths/min; with FiO 2 0.4 (pre-bypass) and 0.7 (post-bypass); nitrous oxide was not used.
Measurements
The Paratrend 7 was used for continuous measurement of arterial pH, P a CO 2 and P a O 2 . Average values for P a CO 2 , P ET CO 2 and P a-ET CO 2 were recorded at ten-minute intervals following induction of anaesthesia until CPB, and at five-minute intervals following CPB until transfer to ICU. Arterial blood gas samples were also taken at predetermined time points to ensure patient safety and to measure the reliability of the Paratrend 7. Mainstream P ET CO 2 was measured continuously between a condenser humidifier (connected to the proximal end of the endotracheal tube) and the Y-piece of the circle breathing system, using an infrared sensor (Hewlett Packard Component Monitoring System, HP M1176A, Hewlett-Packard GmBH, Hamburg, Germany). We also measured haemodynamics at predetermined time points.
Arterial blood gases were sampled at: 1. pre-induction, 2. 10 minutes post-induction, 3. during CPB (when stable hypothermic, and after rewarming), 4. following sternal closure, 5. ICU admission, 6. at 2-4 hours after ICU admission.
These samples were transferred immediately to the laboratory for measurement at 37°C (Ciba-Corning 865 co-oximeter, Ciba-Corning Diagnostics Corporation, Medford MA).
We recorded mean systemic blood pressure (mBP), central venous pressure (CVP) and pulmonary capillary wedge pressure (PCWP). Cardiac output was measured at the above time points, using the thermodilution method (10 ml of room-temperature saline, at end-expiration, in triplicate); during CPB, we recorded the pump flow and perfusion pressure. At all time points we then calculated systemic vascular resistance (SVR), pulmonary vascular resistance (PVR) and cardiac index (CI).
Temperature was measured continuously via the thermistor of the pulmonary artery flotation catheter (except during CPB, for which we recorded nasopharyngeal temperature).
Statistics
Descriptive statistics are presented as mean and standard deviation (SD). Agreement between the Paratrend 7 continuous blood gas values and biochemistry-measured intermittent blood gas samples were analysed using the method described by Bland and Altman 10 , which provides an estimate of bias (the mean difference between values) and precision (expressed as "limits of agreement": 1.96 2 the standard deviation of the difference between values). Changes in P a CO 2 , P ET CO 2 and P a-ET CO 2 were analysed using repeated measures ANOVA (SPSS V4.0), looking for significant changes over time. The association between CI, PVR and P a-ET CO 2 was measured using Spearman rank correlation (r). The 95% confidence interval (95% CI) for the proportion of patients with a negative P a-ET CO 2 was calculated from the binomial distribution. A P value of less than 0.05 was considered significant.
RESULTS
We enrolled 14 male and 6 female patients, with an average age of 66 (12) years. Further demographic and operative characteristics are presented in Table 1 .
There was a significant decrease in the P ET CO 2 during the pre-CPB period (P=0.002), which occurred between the first two 10-minute periods after induction of anaesthesia (P=0.005 and P=0.015, respectively); there were no other significant changes before CPB. There was also a significant decrease in the P a CO 2 during the pre-CPB period (P=0.009), though only significant at the first ten-minute period after induction of anaesthesia (P=0.006). There were no significant changes in P a-ET CO 2 There were no significant changes in the P ET CO 2 (P=0.055) or P a CO 2 (P=0.46) following CPB. However, there was a significant change in P a-ET CO 2 after CPB (P<0.001), which occurred between 10 and 15 minutes after CPB (P=0.023), and each fiveminute period between 20 and 45 minutes after CPB (P= 0.045, P=0.033, P=0.035, P=0.038 and P=0.004, respectively). The P a-ET CO 2 varied from 7.7 (2.2) mmHg at five minutes after CPB to 10 (2.8) mmHg at 45 mins after CPB. There was a lower P a-ET CO 2 10 minutes after CPB, when compared to 10 minutes following induction of anaesthesia, 9.0 (3.1) mmHg vs 7.8 (2.0), P=0.006. No patient had a negative P a-ET CO 2 at any time (95% CI 0-14%). There was no association between CI or PVR and P a-ET CO 2s (r=-0.02 to 0.10, P>0.5).
Agreement between laboratory and Paratrend 7 measurements have been summarized as bias and limits of agreement at all seven points in Figures 2, 3 and 4. DISCUSSION P a-ET CO 2 In this study of cardiac surgical patients we were unable to demonstrate a negative P a-ET CO 2 , despite continuous measurement of both P a CO 2 and P ET CO 2 . Other than the immediate period after induction of anaesthesia, values of P a CO 2 and P ET CO 2 remained unchanged, with a stable P a-ET CO 2 . P a-ET CO 2 has two major conflicting physiologic determinants 2 . The first is ventilation perfusion (V . /Q . ) mismatching and the subsequent creation of physiologic deadspace, which will increase P a-ET CO 2 . The second factor is the composition of alveolar gas from lung units with long time constants ("slow units"): these are low V . proportion of minute ventilation and respiratory rate is decreased, slow units are more likely to be washed out, leading to a higher P ET CO 2 and thus a smaller P a-ET CO 2 , at least in the short term. Various factors make these opposing physiologic effects difficult to predict during cardiac surgery. Changes in functional residual capacity 11 2 . In our study, P a-ET CO 2 values tended to be lower after CPB, compared to those before CPB, suggesting that a negative P a-ET CO 2 may occur (note that the 95% CI suggests that up to 14% of cardiac surgical patients may have a negative P a-ET CO 2 ). Raemer et al 1 found a negative P a-ET CO 2 , in two of fifteen patients (13%) undergoing major surgery (1 of 5 had cardiac surgery). Raemer et al allowed anaesthesia, including ventilation parameters, to be selected by the individual anaesthetist, whereas our protocol stipulated ventilator management. From our findings of frequent sampling in 20 patients we conclude that although a negative P a-ET CO 2 gradient may occur during cardiac surgery and anaesthesia it is probably an uncommon event.
Our results demonstrated small, but significant reductions in P a CO 2 and P ET CO 2 during the initial post-induction period, consistent with increased alveolar minute ventilation. During this phase there was no change in P a-ET CO 2 . In the post-CPB period there was a small but significant reduction in P a-ET CO 2 without changes in P a CO 2 and P ET CO 2 . This is in contrast with the findings of Fletcher et al who did not find significant changes in P a-ET CO 2 during cardiac surgery in two studies 12, 13 . One explanation for this contrast is a difference in ventilation patterns. Fletcher et al used a higher respiratory rate (20 breaths/min), presumably with a subsequent reduction in tidal volume. This is less likely to wash CO 2 out of "slow" (low V . /Q . ) lung units and may be of greater importance in maintaining a larger P a-ET CO 2 with an increased V . /Q . mismatching following CPB. We used larger tidal volumes (10 ml/kg), which are more likely to wash CO 2 out of "slow" lung units leading to a higher P ET CO 2 and a smaller P a-ET CO 2 2 . When compared to pre-CPB P a-ET CO 2 , we found a small but significant change during the post-CPB period, suggesting that P ET CO 2 is a more reliable indicator of P a CO 2 during this phase of cardiac anaesthesia. Nevertheless, to ensure normocapnia and acid/base homeostasis one may need to increase the frequency of arterial blood gas sampling or use a continuous method of blood gas analysis such as the Paratrend 7.
Utility of the Paratrend 7
The Paratrend 7 continuous blood gas monitor proved to be accurate and dependable during cardiac surgery. Pre-induction values of bias and limits of agreement (as an estimate of monitor precision) for pH and P a CO 2 were of a similar magnitude to those found in a previous study 1 . However, in comparison the pre-induction limits of agreement for P a O 2 in our results were of a greater magnitude ranging from -160 to +160 mmHg. This may have been attributable to variable FiO 2 (and preoxygenation) during this time, resulting in rapid alteration in the P a O 2 without allowing the sensor to stabilize before sampling.
At the remaining times during and following surgery, the Paratrend 7 measures of pH, P a CO 2 and P a O 2 had clinically acceptable agreement with the laboratory values. At the commencement of CPB, several acute physiologic changes occur, namely, a fall in temperature, non-pulsatile blood flow and fall in haematocrit and blood viscosity. Venkatesh et al of agreement during the rewarming phase of CPB and in ICU 24 hours postoperatively. Similar results have been noted by other investigators, particularly for values of P a O 2 >150 mmHg 4, 15 . One explanation is that intravascular sensors may be exposed to "wall effect" by movement or lateral pressure. This forces the sensor against the vessel wall resulting in poor contact with arterial blood and therefore erroneous readings may occur, resulting particularly in an underestimate of P a O 2 17 . From these results the Paratrend 7 demonstrates sufficiently good agreement with laboratory blood gas analysis for the parameters of pH, P a CO 2 and P a O 2 during cardiac surgery and so is a convenient alternative to intermittent laboratory blood gas measurement. Nevertheless, like pulse oximetry, values may on occasion differ from those obtained from intermittent arterial sampling and so we would recommend confirmation with laboratory measurement if clinically indicated or if Paratrend 7 values lie outside those expected. 
